Radical addition reactions are important processes for C--C bond construction.^[@ref1]^ Compared to the extensively explored intermolecular radical additions to C=C bonds, intermolecular radical addition to C=N bonds has received less attention.^[@ref2],[@ref3]^ Along these lines, reductive radical addition to imines, oxime ethers, and hydrazones has been well explored ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}a).^[@ref3]^ N-Radicals generated upon radical addition to such C=N bonds can either be reduced by a H atom transfer reagent or by a single-electron-transfer (SET) process followed by protonation to give amines, alkoxyamines, or hydrazines. Recently, radical α-C(sp^2^)--H functionalization in *N*,*N*-dialkylhydrazones has gained attention ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}b).^[@ref4],[@ref5]^ In such cases, the adduct aminyl radical gets SET-oxidized, and deprotonation finally restores the C=N bond resulting in an overall oxidative C--H functionalization. The Minisci reaction, where the C=N double bond is part of a heteroarene, is a well-established and synthetically useful^[@ref6]^ radical process comprising an addition step onto a C=N bond ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}c).^[@ref7]^ Hence, alkyl radical addition to a protonated heteroarene, followed by SET-oxidation and deprotonation, provide an alkylated heteroarene generally with good *ortho*-selectivity. However, these reactions are usually conducted under strongly oxidizing conditions, and regioselectivity is often not complete. Considering these shortages, development of methods for mild oxidative and regioselective intermolecular radical addition to C=N bonds in particular in heteroarenes is still in demand and of importance.
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The concept of "electron catalysis"^[@ref8]^ has been recently implemented in various radical cascades including base-promoted homolytic aromatic substitutions (BHAS),^[@ref9]^ radical substitution reactions (S~RN~1),^[@ref10]^ radical Heck-type reactions,^[@ref11]^ direct arene trifluoromethylations,^[@ref12]^ and C-radical borylations,^[@ref13]^ among other reactions,^[@ref14]^ convincingly documenting the generality of that valuable concept.

Radical anions (such as aryl radical anions and ketyl radical anions), able to sustain radical chains as SET-reductants, serve as intermediates in these processes. Along these lines, we assumed that the α-deprotonation of an aminyl radical, readily generated by addition of a C-radical to a C=N double bond, is a reasonable strategy for the generation of the corresponding radical anion. However, the problem in this approach lies in the low α-acidity of an aminyl radical. Facing that issue, we expected that a carbonyl group next to the C=N bond will increase the acidity of the α-C--H bond in the aminyl radical. Moreover, installing a carbonyl moiety will also influence the electrophilicity of the C=N radical acceptor. With this strategy in mind, we selected quinoxalin-2(1*H*)-ones^[@ref15]^ as radical acceptors. Due to polar effects, electrophilic radicals should not react with quinoxalin-2(1*H*)-ones. This should allow running cascades, where the electrophilic radical is first captured by a nucleophilic C=C radical acceptor leading to a nucleophilic radical which is then trapped by the quinoxalin-2(1*H*)-one. In contrast to the Minisci reaction, neither protonation nor a stoichiometric external oxidant would be required. Herein, we disclose a simple and efficient α-perfluoroalkyl-β-heteroarylation of various mostly electron-rich alkenes with perfluoroalkyl iodides and quinoxalin-2(1*H*)-ones. This transformation should be of importance in particular to the field of medicinal chemistry since a structurally privileged heteroarene^[@ref16]^ and the biologically important perfluoroalkyl moiety^[@ref17]^ are added sequentially to an alkene.

Inspired by our recent radical alkene 1,2-difunctionalizations,^[@ref18],[@cit13b],[@cit14a]^ we decided to utilize perfluoroalkyl iodides as C-radical precursors since they are readily SET-reduced. Initial screening was conducted with 1-methylquinoxalin-2(1*H*)-one (**1a**) as the electrophilic C-radical acceptor, allylbenzene (**2a**) as the nucleophilic acceptor, and perfluorobutyl iodide (**3a**) as the C-radical precursor in the presence of K~3~PO~4~ (2.0 equiv) as the base in dichloroethane (DCE) at room temperature. Initiation of the chain was conducted upon irradiation of the reaction mixture with a 10 W blue LED. Pleasingly, the targeted 3-alkylquinoxalin-2(1*H*)-one **4a** was obtained in 10% yield ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 1). The yield was improved to 35% upon switching to DMF as the solvent ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 2). Other solvents such as CH~3~CN, 1,4-dixoane, and DMA provided worse results ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entries 3--5). When a weaker base such as K~2~HPO~4~ was used, **4a** was not formed, indicating the basicity to be important. We therefore screened other bases and found DBU (1,8-diazabicyclo\[5.4.0\]undec-7-ene) to be best suited, providing **4a** in 49% yield ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 10). A higher yield (74%) was achieved upon increasing the concentration to 0.4 M ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 11), and 77% was obtained upon switching to NMP (*N*-methyl pyrrolidone) as the solvent ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 12). Varying the amount of DBU and allylbenzene revealed that the highest yield (88%) can be obtained when 3.0 equiv of DBU in combination with 2.5 equiv of **2a** were used ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 14). Notably, the reaction did not work in the absence of base, and the yield was decreased to 24% without visible-light irradiation.

###### Reaction Optimization[a](#t1fn1){ref-type="table-fn"}^,^[b](#t1fn2){ref-type="table-fn"}
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  entry    base (equiv)       solvent   modifications               yield (%)[b](#t1fn2){ref-type="table-fn"}
  -------- ------------------ --------- --------------------------- ---------------------------------------------
  1        K~3~PO~4~ (2.0)    DCE                                   10
  2        K~3~PO~4~ (2.0)    DMF                                   35
  3        K~3~PO~4~ (2.0)    CH~3~CN                               12
  4        K~3~PO~4~ (2.0)    Dioxane                               n.d.
  5        K~3~PO~4~ (2.0)    DMA                                   19
  6        K~2~HPO~4~ (2.0)   DMF                                   n.d.
  7        Cs~2~CO~3~ (2.0)   DMF                                   44
  8        Na~3~PO~4~ (2.0)   DMF                                   6
  9        Li~3~PO~4~ (2.0)   DMF                                   trace
  10       DBU (2.0)          DMF                                   49
  11       DBU (2.0)          DMF       0.4 M concentration         74
  12       DBU (2.0)          NMP       0.4 M concentration         77
  13       DBU (3.0)          NMP       0.4 M concentration         83
  **14**   **DBU (3.0)**      **NMP**   **0.4 M, 2a (2.5 equiv)**   **88 (84)**[c](#t1fn3){ref-type="table-fn"}
  15                          NMP       without base                n.d.
  16       DBU (3.0)          NMP       without light               24

Reaction conditions: **1a** (0.2 mmol), **2a** (0.4 mmol, 2.0 equiv), **3a** (0.4 mmol, 2.0 equiv), base, solvent (2.0 mL), 5 W blue LED, rt, Ar, 16 h.

Isolated yield based on **1a**.

Reaction conducted at 1 mmol scale.

To document scope, various alkenes were investigated, keeping **3a** as the radical precursor ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}). Reactions with nonfunctionalized alkenes proceeded smoothly to give **4a**--**f** in high yields. Various functional groups including alcohol- (**4g**), ester- (**4h**, **4i**), phosphonate- (**4j**), nitrile- (**4k**), and halo-substituents (**4l**, **4m**) are tolerated (53--98%). Reactions with alkenes bearing heterocycles such as thiophene (**4n**), carbazole (**4o**), coumarin (**4p**), and isoindoline-1,3-dione (**4q**) proceeded smoothly. Styrene is an eligible acceptor (**4r**), and 1-methoxy-4-vinylbenzene also engages in this reaction (**4s**). Reactions with 2,2-disubstituted alkenes yielded the desired products **4t**--**4v** in high yields (87--93%), showing that the process allows for construction of all carbon quaternary C-centers. The cascade also works with cyclohexene and 2-methylbut-2-ene (see **4w** and **4x**). Notably, reaction with cyclohexene occurred with complete *trans*-selectivity. The *trans*-configuration of **4w** was assigned by NMR spectroscopy (see [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.8b03849/suppl_file/ol8b03849_si_001.pdf)). An electron-rich enol ether (**4y**) and enamides (**4z**, **4aa**) performed well, and the products were isolated in 75--98% yields.

![Difunctionalization of Various Alkenes,\
Reaction conditions: **1a** (0.2 mmol), **2** (0.5 mmol, 2.5 equiv), **3a** (0.4 mmol, 2.0 equiv), DBU (0.6 mmol), NMP (0.5 mL), 5 W blue LED, rt, Ar, 16 h.\
Isolated yield based on **1a**.](ol-2018-03849f_0002){#sch2}

Next, the heteroarene and the C-radical precursor were varied in combination with 1-hexene as the radical acceptor ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}). A range of quinoxalin-2(1*H*)-ones and a pyrazin-2(1*H*)-one were subjected to this three-component reaction.

![Varying the Radical Acceptor and the Perfluoroalkyl Iodides,\
Reaction conditions: **1** (0.2 mmol), **2d** (0.5 mmol, 2.5 equiv), **3** (0.4 mmol, 2.0 equiv), DBU (0.6 mmol), NMP (0.5 mL), 10 W blue LED, rt, Ar, 16 h.\
Isolated yield based on **1**.](ol-2018-03849f_0003){#sch3}

Substrates lacking the *N*-methyl group or with N-protecting groups such as the benzyl and the ethoxycarbonylmethyl group in place of the methyl moiety engaged in the cascade and **4ab**--**4ad** were obtained in good yields. Quinoxalin-2(1*H*)-ones with electron-withdrawing or electron-donating substituents performed well, providing **4ae**--**4am** in 41--96% yields. Various functional groups including fluoro-, chloro-, bromo-, nitro-, and ester-moieties were compatible (**4ai**--**4am**). A 5,6-disubstituted pyrazin-2(1*H*)-one was also an acceptor to afford **4an** in 90% yield, indicating that a fused benzene ring at the heteroarene is not essential. Other perfluoroalkyl iodides gave the desired products **4ao**--**4ar** in high yields.

Regarding mechanism, radical probe experiments were carried out ([Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"}a). Reaction of 1-decyl-2-vinylcyclopropane (**5**) with **1a** and **3a** provided exclusively the ring-opened product **6**, and the reaction of diethyl 2,2-diallylmalonate **7** with **1a** and **3a** gave the cyclized product **8**. The *cis*-selectivity was assigned based on the Beckwith--Houk model for the radical 5-*exo*-cyclization.^[@ref19]^ We assume that initiation proceeds by a light-mediated C--I bond homolysis of a R~f~--I/DBU complex^[@ref20]^ that absorbs in the visible region (see [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.8b03849/suppl_file/ol8b03849_si_001.pdf)) to generate the corresponding R~f~-radical. This electrophilic radical then chemoselectively adds to **2** to afford **A**. The addition of the nucleophilic radical **A** then occurs selectively at the electron-deficient C=N bond of **1** to deliver **B**. The acidic aminyl radical **B** will be deprotonated by DBU to give the radical anion **C**, which is a strong reducing reagent able to reduce R~f~--I via single-electron-transfer to eventually give **4** along with the R~f~-radical that sustains the chain.^[@ref8]^
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Finally, to show the value of the method, quinoxalin-2(1*H*)-one **4ab** was reacted with POCl~3~ to give the synthetically valuable chlorinated quinoxaline **9** in 80% yield ([Scheme [5](#sch5){ref-type="scheme"}](#sch5){ref-type="scheme"}). The C--Cl bond in compounds of type **9** is known to engage in different coupling reactions to access diverse multifunctionalized quinoxaline derivatives.^[@cit15a]^

![Follow-up Chemistry](ol-2018-03849f_0005){#sch5}

In summary, we have developed an α-perfluoroalkyl-β-heteroarylation of alkenes. The cascade comprises two highly chemoselective radical addition steps that are controlled by polar effects. The acidic aminyl radical intermediate is readily deprotonated by DBU to generate a radical anion acting as a SET-reducing reagent. The reaction belongs to an electron-catalyzed process. Notably, electron-catalyzed three component cascades are not well explored to date,^[@cit13a]^ and transition-metal-free radical alkene alkylation with concomitant β-heteroarylation is not well established.^[@ref21]^ Our method provides an efficient approach to an interesting compound class containing a structurally privileged heteroarene moiety, and cascades proceed with good to excellent yields.
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